Westudied the roleof desensitization at inhibitory synapses by comparing nonequilibrium GABAI channel gating with inhibitory postsynaptic currents (IPSCs). Currents activated by brief pulses of l-10 mM GABA to outside-out patches from cultured hippocampal neurons mimicked GABA-mediated IPSCs. Although the average open time of single GABAn channels following brief pulses was less than 10 ms, channels entered long (T = 38-69 ms) closed states and subsequently reopened. Movement through these states resulted in paired-pulse desensitization.
Introduction y-aminobutyric acid type A (GABA,) receptor-mediated inhibitory postsynaptic currents (IPSCs) peak rapidly (0.5-5 ms) and usually decay with two time constants ranging from afew milliseconds to tensor hundreds of milliseconds (Edwards et al., 1990; Pearce, 1993; Jones and Harrison, 1993; Puia et al., 1994; Borst et al., 1994) . No consensus has been reached as to the factors responsible for the multiphasic decay or the duration of IPSCs. These issues have important consequences because the IPSC decay determines the time course of the resistive shunt and hyperpolarization that prevent neuronal firing in response to excitatory inputs. For example, prolongation of the IPSC decay is thought to be responsible for the therapeutic effects of sedative benzodiazepines and most general anesthetics (Tanelian et al., 1993; Franks and Lieb, 1994) , whereas disinhibition prod&es effects ranging from anxiety to seizure activity (Haefely, 1989; Worms and Lloyd, 1981) .
GABAA receptors have a relatively low affinity for GABA (1 O-20 PM) (Akaike et al., 1985; Bormann and Clapham, 1985; Maconochie et al., 1994) and display brief openings and bursts (0.2-25 ms) in steady-state single-channel studies (Bormann and Clapham, 1985; Weiss and Magleby, 1989; Macdonald et al., 1989; Twyman et al., 1990) . Assuming a brief free GABA transient in the synaptic cleft, these properties predict an IPSC decay of no more than 1 O-25 ms, much shorter than is frequently observed. This discrepancy could indicate that the GABA transient is not brief. Alternatively, synaptically activated channels may visit desensitized states that are difficult to characterize in steady-state single-channel records (Colquhoun and Hawkes, 1983; Macdonald and Twyman, 1992; Maconochic et al., 1994) . Therefore, to understand GABAA channel gating as it occurs at the synapse, we analyzed gating under nonequilibrium conditions using rapid agonist application to outside-out patches from cultured hippocampal neurons. The ensemble average of patch currents evoked by short (l-l 0 ms) GABA pulses decayed with biexponential kinetics similar to the IPSC. Single-channel gating undertheseconditions included frequentvisits to long desensitized states, followed by reopening. Use of paired pulses with low and high affinity agonists and fitting of the currents to a kinetic model showed that channel reopening after desensitization can account for the decay of patch currents. We propose that rapidly equilibrating desensitized states prolong the GABAn-mediated IPSC and provide a mechanism for low affinity receptors to support longlasting synaptic currents.
Results
Our basic strategy in probing the factors responsible for shaping the IPSC was to isolate the contribution of channel kinetics using excised membrane patches and rapid agonist application techniques. We then compared responses in patches with IPSCs and also with responses predicted by a simple kinetic model. In some figures, simulated currents are superimposed on the experimental responses to illustrate the performance of the model. Finally, we used predictions of the model to reconcile the results of steadystate and nonstationary studies of GABAA channel gating with the kinetics of inhibitory synaptic currents.
IPSCs and GABA* Receptor Responses GABAA receptor currents in outside-out patches of cultured hippocampal neurons were evoked using a piezoelectric translator to make rapid switches (<2 ms lo%-90% solution exchange time) between control and agonist-containing solutions (see Experimental Procedures). In each patch experiment, a series of trials separated by >5 s was used to generate an ensemble average (patch current). Figure 1 illustrates a comparison between an autaptically evoked IPSC and the patch current evoked by a 5 ms pulse of 1 mM GABA. Both the IPSC and patch current decay were well fit by the sum of two exponentials (IPSC: Stas, = 50 f 30 ms [640/o f 11% of amplitude], TsloW = 171 + 92 ms, n = 4; patches, 1-l 0 mM GABA, l-10 ms: Tfas, = 29 f 12 ms (58% + 9%], TsIow = 254 + 85 ms, n = 13). There was no significant difference between IPSCs and patch currents (p(s,.,,) = 0.26; p(amp,,,) = 0.45; p(~~,~~) = 0.18). The similarity of these responses suggests that a brief GABA transient at the (A) A biexponentral fit (superimposed on the current) adequately described the IPSC decay (rla., = 34 ms 157% of amplitude], rT,IOW = 151 ms). The closest (but inadequate) monoexponential fit (r = 101 ms) is also shown. IPSCs were autaptically evoked by 5 ms steps from -60 to +60 mV at 20 s intervals. The Na+ spike artifact has been omitted. Bath application of 100 pM bicuculline methiodide completely blocked the IPSCs (n = 2; data not shown). (B) Patch currents were accurately described by a biexponential function (s.., = 18 ms [53%], rsioW = 188 ms, superimposed), but not by a single exponential (T = 136 ms, superimposed).
The duration of GABA application is shown by the open tip current (top trace). Bicuculline methiodide (100 FM) blocked patch responses by 90% k 6% (n = 5; data not shown).
A B GABA 10 yM GABA synapse is sufficient to produce long-lasting biphasic currents. A rough estimate of the peak synaptic GABA concentration was obtained by comparing the rise rate of the IPSC (347 r 141 s-l; n = 3 cells) with that of patch currents. The plot of patch current rise rate (IO%-90% rise time-') versus concentration saturated at 1420 s-l, with an ECso of 1.6 mM (legend to Figure 2A) . The interpolated peak concentration in the cleft is 527 PM, similar to the estimate of Maconochie et al. (1994) . Assuming that GABA is present long enough for channels to reach their maximum open probability, this estimate represents a lower limit, because IPSCs can be slowed by cable filtering or asynchronous GABA release.
There are several possible mechanisms for the biphasic decay of the IPSC. Edwards et al. (1990) and Pearce (1993) suggested that kinetically distinct receptor subtypes underlie the fast and slow components. One interpretation of the IPSC decay is that fast components are mediated by rapidly unbinding (low affinity) receptors, whereas slow components are due to slowly unbinding (high affinity) receptors (e.g., Colquhoun et al., 1977; Lester and Jahr, 1992; Pan et al., 1993) . This notion predicts that the fast component should be small at low GABA concentrations and increase with increasing concentration. We observed just the opposite, as shown in Figure  2 . The rise rates of patch currents increased as GABA was increased from low (10 PM) to high (10 mM) concentrations ( Figure 2A ). The fast component of decay, however, was significantly larger and faster at 10 PM than at 10 mM ( Figures 2B and 2C) . Therefore, the biphasic decay observed in our experiments cannot be explained simply on the basis of two populations of channels with different affinities. The larger slow component at high concentrations is more consistent with models in which multiliganded channels spend more time in conducting states overall than do monoliganded channels (Macdonald et al., 1989; Twyman et al., 1990; Busch and Sakmann, 1990) . (1 mM, 5 ms). In 13 patches (l-10 ms pulses, l-10 mM GABA), rfar, was 29 _' 12 ms (58% ? 8%) and r,Ior was 254 -c 93 ms. The fast decay phase was significantly larger and faster for 10 nM than 1 mM GABA (p < ,003). (A and C) Currents activated by short pulses of high GABA and !3-alanine concentrations were normalized. Point-by-paint means (solid traces) and standard deviations (dotted traces) were calculated for 13 GABA patches and 11 B-alanine patches. p-alanine produced a significantly faster decay time constant and larger fast component than GABA (p-alanine: T,~, = 7 k 2 ms [El% f 11% of amplitude], T$,~. = 132 k 64 ms, n = 11, p < 0.0006, as compared with GABA; see legend to Figure 2C ). The pulse duration is illustrated schematically.
(B and D) Desensitization to long pulses of GABA (10 s) and p-alanine (5 s) was described as the sum of two exponential functions and a constant term describing the steady-state current level. For GABA (n = 4), T,.,, was 61 + 40 ms (26% + 6% of total amplitude) and T E,OW was 1666 + 755 ms. For p-alanine (n = 3), 5~ was 60 + 60 ms (32 + 9%) and %or was 947 f 520 ms. The extent of desensitization at steady state was greater for GABA (90% + 4%) than for p-alanine (59% + 17%) Agonist-Specific Kinetics Although receptor affinity considerations alone cannot account for the current decay after short pulses, the unbinding rate must ultimately contribute to the relaxation from activated states back toward unbound states (deactivation). To examine the relative contributions of binding, unbinding, and other kinetic parameters, we compared currents activated by GABA and fi-alanine, which differ by 250-fold in EC& (GABA, -20 PM; p-alanine, -5 mM; Jones, Dzubay, and Westbrook, unpublished data). Current decay was significantly faster after short pulses of p-alanine than after GABA ( Figures 3A and 3C ), consistent with a faster unbinding rate for @alanine. The rise rates of B-alanine currents (307 + 52 s-l, 10 mM, 5 ms, n = 11) were also more than 3-fold slower than those of GABA currents under similar conditions (988 + 376 s', l-10 mM, l-10 ms pooled, n = 13), suggesting that p-alanine also has a slower binding rate. The combination of slower binding and faster unbinding predicts that, for a given concentration, p-alanine will occupy fewer binding sites than GABA. Therefore, kinetic behaviors that arise from multiliganded states will be less pronounced for B-alanine. This is consistent with the failure of b-alanine to evoke large slow components of deactivation. Desensitization during long applications of S-alanine was also less complete than for GABA (Figures 38 and 3D ). The accumulation of channels in desensitized states may therefore be related to the degree of receptor occupancy.
B-alanine and GABA currents arose from similar channels because both were blocked by 100 aM bicuculline methiodide (l-10 ms pulses, l-10 mM, GABA: 90% + 6%, n = 5; !3-alanine: 98% * 1.5%, n = 4), deactivated with two exponential components, and desensitized with two exponential components. Although we cannot exclude the possibility that GABA and S-alanine produce different open probabilities or microscopic desensitization rates, in where r, and a, are the time constant and amplrtude of component i. More than 100% of the first current amplitude is available at short interpulse Intervals for 6-alanine, because the receptors are not fully saturated even at 10 mM (Jones, Dzubay, and Westbrook, unpublished data) .
later sections we will show that binding and unbinding rates alone are sufficient to account for differences among agonists.
Underlying Channel Kinetics
To gain a better understanding of the rate-limiting steps in channel gating that govern macroscopic current decay, we measured the open and closed dwell times of single channels in response to brief (l-10 ms) pulses of lo-30 pMGABA (Figure4) . Wewereabletoestimateupperlimits for open times and lower limits for closed times, despite the presence of rare multiple channel openings. Figure  4A shows ten consecutive individual records and an ensemble average from one patch, along with the corresponding dwell time histograms. The measured channel open times of 0.9 and 7.1 ms ( Figure 4B ) were much too short to account for the ensemble time constants of 56 and 247 ms for this patch (see also Figure 2B ). Thus, although there were on average 12.2 openings per application (in the patch shown), closed periods must be a major factor in shaping deactivation after brief pulses.
The closed times showed a complex distribution, with a long duration component of 69 ms in this patch ( Figure  4C ). Maconochie et al. (1994) also observed long closures during deactivation of patch currents. In five patches, such long closures appeared 384 times in 280 records and had an average lifetime of 44 2 3 ms (mean f SEM; range, 38-69 ms). GABAA channels therefore had a high probability of entering a long-lived closed state after binding GABA and a high probability of leaving that state to open again before unbinding. This long bound closed state may represent one of the states underlying the macroscopic desensitization seen during long pulses of GABA or p-alanine. Although we did not obtain sufficiently long data sets to perform burst or cluster analyses, the long closures we observed during deactivation after short GABA pulses may also correspond to the gaps used to identify bursts or clusters in steady-state experiments (see below and Colquhoun and Hawkes, 1982; Bormann and Clapham, 1985; Twyman et al., 1990 ).
Short Pulse Desensitization and Recovery
If a short GABA pulse is sufficient to drive channels into a long bound closed state, then desensitization should be apparent in ensemble averages or macroscopic currents. Paired pulse experiments confirmed this prediction (Figure 5) . When pairs of l-3 ms GABA pulses were given at variable intervals, the second pulse evoked a smaller peak current than the first pulse, demonstrating that channels did not return to the unbound state immediately after closing, but rather entered an agonist-insensitive closed (i.e., desensitized) state. Channels recovered from short pulse desensitization with biexponential kinetics (Figures 5A and 5C, closed circles). When pairs of longer GABA pulses (5 s) were given, the second response was strongly depressed and recovered with a time constant of 13 s (n = 4; data not shown). GABA thus promoted entry into a rapidly entered and exited desensitized state, as well as a slowly entered and exited state. In contrast, 6-alanine produced notable macroscopic desensitization during long pulses (see Figure 3D ), but not during pairs of short pulses (Figures 5B and 5C, open circles). These results suggest that IOmM f3-alanine. Trials were interleaved in order of increasing pulse duration and were separated by 20 s intervals. Each trace is the average of 10 trials. In (a), deactivation of selected traces from (A) were normalized to the current at the end of the agonist pulse. Note that deactivation became longer as the pulse duration was increased. The solid lines are simulations of the deactivation currents for each pulse duration, using the kinetic model and parameters for p-alanine in after a brief pulse, GABA occupies receptors long enough for many channels to accumulate in desensitized states, whereas 8-alanine does not.
Desensitization Prolongs Deactivation
As GABA produces both greater desensitization and slower deactivation than 6-alanine, it is possible that desensitization and the slow decay component are mechanistically related. We tested this hypothesis by varying the duration of @alanine pulses and examining the decay of currents after the agonist was removed. Figures 6A and  6B shows that the duration of deactivation increased as the pulse duration (and the extent of desensitization) increased. Fitting of deactivation currents revealed that the prolongation was due to an increase in the relative amplitude of the slow component ( Figure 6C ), but that the time constants were unchanged ( Figure 6D ). These data indicate that channels accumulate in slowly deactivating states as they are desensitizing, consistent with the idea that slow deactivation is directly related to the entry and subsequent exit from desensitized states.
A Model of Deactivation
To examine the role that desensitization may play in shaping patch current deactivation and IPSCs, we developed a model of GABAA channel gating ( Figure 7A ; see Experimental Procedures). This model is structurally similar to previous models (Macdonald et al., 1989; Busch and Sakmann, 1990) Figure 4) , whereas the binding (ken), unbinding (k,ti), desensitization (d,, dp), and resensitization (r,, r2) rates were chosen by varying parameters until good fits to macroscopic currents were achieved (see Experimental Procedures).
We first tested the ability of the model to fit our experimental data. Using the final rates given in Figure 78 , the model reproduced the biexponential deactivation in response to single and paired pulses of GABA and 6-alanine (see Figures 5A and 58, solid lines) and also the deactivation time course in response to increasing pulse durations of 6-alanine (see Figure 6 ). An important quantitative prediction of the model is that the dwell time in DIa,, should be between 40 and 67 ms, which closely matches the long closed time of individual channels (38-69 ms; see Figure  4C ). Our model is therefore able to account for both the observed macroscopic currents and single-channel gating.
More generally, the model predicts that GABAn current deactivation is shaped by a precise balance between microscopic desensitization, resensitization, and unbinding rates. Using simulated 1 ms pulses of saturating agonist concentrations, we examined the effects of varying these microscopic rates on the movement of channels through open states and Dfast (Figure 8 ). Reducing the unbinding rate from 600 s-' (the value predicted for 8-alanine) to 100 S' (the value for GABA) prolongs the time-dependent open probability by increasing the slower decay components ( Figure 8A,) , and also increases the number of channels in Dfast (Figure 8A,) . The dependence of Dfa,, on the unbinding rate explains why paired-pulse desensitization is agonist specific. In addition, the fast phase of decay ( Figure 8A coincides with the accumulation of channels in D,,, ( Figure  8A2 ), whereas the slow phase coincides with the emptying of Dras,. The model predicts that both the entry and exit rates of Dt,,, are critical in shaping macroscopic deactivation. De,, was best fit with an entry rate (d2) of 750-1000 S' and an exit rate (r2) of 15-25 s-l. Reducing the entry rate into Dras, shortens rather than prolongs the total duration of current ( Figure 88 ) whereas excessively short (5 ms, r2 = 200 s-l) or long (100 ms, r2 = 0.1 s-') dwell times In Dlast both reduce the effective current duration ( Figure 8C) . A slow unbinding rate therefore allows channels to remain bound long enough to access Dfas,, where they are retained temporarily before reopening.
Discussion
Our results suggest that asynaptic GABA transient reaching -500 t.rM and lasting a few milliseconds is sufficient to produce the kinetics of IPSCs recorded from cultured hippocampal neurons. In response to such a GABA transient, channels frequently enter a desensitized state and then reopen. This behavior suggests that the peak open probability and duration of the fast decay component are limited by fast desensitization, and that the slow component is produced by reopening after exit from desensitized states. This mechanism effectively redistributes GABAAmediated inhibition over hundreds of milliseconds.
Limitations of the Nonstationary Kinetic Approach Our interpretations depend on the adequacy of our model in predicting channel gating at the synapse, and on the assumption that synaptic GABAA channels are kinetically similar to those in outside-out patches. Macroscopic patch responses to brief glutamate pulses have provided an excellent model of glutamate-mediated EPSCs (TrusselI and Fischbach, 1989; Colquhoun et al., 1992; Lester and Jahr, 1992) even though patch excision can modify some aspects of nicotinic acetylcholine (nACh) and N-methyl-Daspartate channel kinetics (e.g., Trautmann and Siegelbaum, 1983; Covarrubias and Steinbach, 1990; Lester and Jahr, 1992; Lester et al., 1993) . Similarly, brief pulses of GABA produce currents that mimic IPSCs (Maconochie et al., 1994; Puia et al., 1994 ; this study).
Our experiments were designed to emphasize deactivation and desensitization, which are behaviors of the bound channel. The analysis therefore does not provide detailed information about the rates, number, and cooperativity of binding reactions. These parameters are not critical to our interpretations, but their measurement will provide a quantitative test of our predictions concerning monoliganded receptors and the 200-fold slower binding rate of f3-alanine relative to GABA. We modeled the synaptic GABA transient as a square pulse that reaches all activatable channels simultaneously. This appears to be a reasonable approximation, as currents in both patch and modeling experiments were insensitive to changes in pulse duration between 1 and 10 ms. Therefore, factors that affect the precise shape of the effective free GABA transient, such as multivesicular release or diffusion across the receptor array, may not contribute greatly to IPSC decay kinetics. Furthermore, we do not expect monoliganded openings to be important in shaping individual IPSCs, as our model predicts that less than 4% of the total charge passes through Open, in response to a 1 ms pulse of 100 uM GABA. Our conclusions concerning the insensitivity to the shape of the GABA transient and the contribution of monoliganded receptors contrast with those of Busch and Sakmann (1990) Figure 7 were used to examine the effects of varvina the , -unbinding rate on Open Probability (Open1 + Open2) and occupancy of DM (16" = 100,200, 300, 400, 500, and 600 sl). Slower unbinding rates produced slower deactivation (Al) and greater desensitization (A*). (B) Reducing the fast desensitization rate (dZ) 4 increased the initial peak current (Open Proba-'011 bility), but reduced the total current duration.
(C) Expression of a distinct slow phase of deactivation occurred only over a specific range of exit rates from Dr,, (a given next to each trace).
entially expressed in the hippocampus during development Laurie et al., 1992; Fritschy et al., 1994) . Three subunit combinations potentially present in hippocampal neuronsexhibit biexponential deactivation when expressed in HEK293 cells (Verdoorn, 1994) demonstrating that relatively homogenous receptor populations often produce complex kinetics (Verdoorn et al., 1990; Angelotti and Macdonald, 1993; Celentano and Wong, 1994; Verdoorn, 1994) . It is reasonable to expect that the receptors we studied were not structurally identical, but our data were well described by a model that assumes a kinetically homogenous channel population. Differences in IPSC kinetics between preparations may, however, be due to different GABAA receptor isoforms or to posttranslational modification. For example, Puia et al. (1994) recently showed that Purkinje cells have substantially faster IPSC decay and patch current deactivation than cerebellar granule cells. The faster Purkinje cell responses could be due to faster agonist unbinding (e.g., Figure 8A ,) or to slower exit from desensitized states (e.g., Figure 8C ). These two possibilities could be distinguished using paired-pulseexperiments. Alteration of these microscopic parameters may therefore be an important functional consequence of the structural variety or modulation of GABAn receptors. In support of this hypothesis, we have recently acquired evidence that modulation of desensitization can alter the kinetics of both patch currents and IPSCs (Jones and Westbrook, 1994) .
Bursts, Clusters, and Macroscopic Currents
The fine structure of microscopic GABAA channel kinetics has been revealed by single-channel studies using steadystate GABA application (Bormann and Clapham, 1985; Weiss and Magleby, 1989; Weiss, 1988; Twyman et al., 1990; Newland et al., 1991) . In such studies, channel openings may be grouped into bursts and clusters separated by critical gaps (Colquhoun and Hawkes, 1982) . The gap for defining bursts is often 5-10 ms at l-10 PM GABA (Bormann and Clapham, 1985; Twyman et al., 1990) . However, because the number of channels in a patch is rarely known, it is not easy to determine whether a long closed time component represents the dissociation of agonist or a bound desensitized state. It has therefore been difficult to define kinetic rates governing desensitization and affinity or to place the observed burst and cluster components within the context of IPSCs (Macdonald and Twyman, 1992) . We used Q matrix simulations (Colquhoun and Hawkes, 1982; see Experimental Procedures) to predict the hierarchy in which openings are grouped into bursts and clusters and compared these predictions with the steady-state behaviorobserved by others. The resultsof simulations using the model and the median rates from Figures 7A and 78 are summarized in Table 1 . At equilibrium, the frequencies of bursts and durations of clusters were greater at higher GABA concentrations, as expected owing to shifting of the equilibrium away from Unbound and D,,,,.,. Average burst durations (10-l 5 ms) in these simulations were quite close to the average values found in adrenal chromaffin cells (12.8 ms; Bormann and Clapham, 1985) and spinal cord neurons (10.3 ms; Twyman et al., 1990) . A comparison of the predicted peak and equilibrium dose-response curves revealed that receptors appeared to be of higher affinity after desensitization (peak: Po(,,,=) = -0.6, ECso = 16 PM, n = 1.9; steady state: Pocmax) = -0.3, ECso = 2.7 KM, n = 1.7, where n is the Hill coefficient). Predictions of slow relaxations and steady-state kinetics can be further improved by allowing a slow transition between De,, and D slDw, although this method was not employed here. Surprisingly, our simulations also predict that at low GABA concentrations channels spend most of their agonistbound time in D,,,,. Small or slow GABA transients should produce pronounced long-lasting desensitization and a low P,, whereas large and fast transients should bypass D,,,,. Monoliganded desensitized states may therefore act as a high pass filter to attenuate the response to slowly rising GABA transients due to spillover of GABA from distant synapses (Isaacson et al., 1993) .
In simulated deactivation from the Bound2 state, channels visited Dlast approximately once for every three times that they opened and remained there -20 times longer than in either open state. The ensemble average of sweeps containing at least one visit to Dcst (72% of all sweeps) produced a biexponential deactivation (rfasf = 16 ms 154% amplitude]; 7s10w = 254 ms), as compared with the monoexponential deactivation (7 = 28 ms) of sweeps lacking a visit to Ds,,. The sum of these two ensemble averages (T,~~, = 21 ms [67% amplitude]; 'sslow = 253 ms) suggests that the single-channel burst (22 ms) and cluster (231 ms) durations approximate the fast and slow components of deactivation, respectively. These values are in close agreement with the average components of patch current deactivation (7,ast The Physical Basis of Desensitization Our data suggest that desensitization maintains the channel within a set of states that have a high probability of reopening before the agonist can dissociate. This situation is in many ways analogous to that produced by sequential channel blockers. For example, open channel block of nACh receptors can add slow components to end-plate current decay, because the time spent in blocked states adds to the normal burst duration (Beam, 1976; Neher and Steinbach, 1978) . This is similar to the role we postulate for D,,., in adding to the cluster duration of GABAn channels. A desensitized state is formally equivalent to a blocked state with a fixed blocker concentration. We speculate that a common physical basis may underlie this formal equivalence. For the nACh and 5HT3 receptors, mutation of single conserved amino acid residues in the suspected pore-forming regions dramatically reduce some forms of desensitization (Revah et al., 1991; Yakel et al., 1993) . This may also be true for a Drosophila GABAA receptor (ffrench-Constant et al., 1993) . It is possible that these residues themselves may interfere with conduction (Revah et al., 1991) or serve as receptors for a blocking particle. Such a blocking particle cannot, however, be the agonist itself, as free agonist was removed before long duration closures were observed (see Figure 4A ).
Multiple Purposes of Desensitization at Synapses
Desensitization hasevolved in ligand-gated channels from several phylogenetically distinct families (e.g., Katz and Thesleff, 1957; Trussell and Fischbach, 1989; Mayer et al., 1989; Sather etal., 1990; Legendreet al., 1993; Akaike and Kaneda, 1989; Yakel et al., 1993; Valera et al., 1994; Brake et al., 1994) , suggesting that it confers an important adaptive advantage. Conversely, desensitization kinetics vary among channel types, suggesting a variety of functions. The specific contribution of desensitization to synaptic transmission can be evaluated with paired-pulse experiments. For example, desensitization of nACh channels is slow relative to deactivation and may not affect the shape of synaptic currents, but rather limit the response frequency at which receptors follow presynaptic signals (Magleby and Palotta, 1981; Franke et al., 1991) . For AMPA channels, rapid desensitization with slow recovery may shorten synaptic currents and severely limit the response frequency (Trussell and Fischbach, 1989; Trussell et al., 1993; Raman and Trussell, 1995) . Our results for GABAA channels, and those of Lester and Jahr (1992) for N-methyl-D-aspartate channels, show that strong desensitization that recovers over the course of deactivation can limit the response frequency, but also prolong synaptic currents. Desensitization therefore appears to be a versa-tile mechanism for tailoring channel kinetics to the requirements of individual synapses through the balance between desensitization, resensitization, and unbinding rates.
Experimental Procedures
Neuron Culture Hippocampal neurons from I-to 3-day-old Sprague-Dawley rats were grown either in monolayer cultures (Forsythe and Westbrook, 1988) or on microdot islands as described by Bekkers and Stevens (1991) .
Recordings were performed 1-3 weeks after plating. No electrophysiological differences between the two culture conditions were observed.
Data Acquisition and Analysis Recordings were made using Sylgard-dipped (Dow-Corning, Midland, Ml) fire-polished borosilicate glass pipettes containing 144 mM CsCI, 1 mM CaCI,, 3.45 mM BAPTA, 10 mM HEPES, 5 mM Mg2ATP (pH 7.2 and 315 mosmoi). The extracellular solution contained 140 mM NaCI, 2.8 mM KCI. 1 mM MgCI,, 1.5 m&4 CaCl*, 10 mM HEPES, 10 mM D-glucose (pH 7.4 and adjusted to 325 mOsmol with sucrose). For whole-cell recordings, cesium was replaced by potassium, and 5 VM 6-cyano-7-nitroquinoxaline-2,3-dione was added to the extracellular solution. In p-alanine experiments, 1 KM strychnine was also added.
Cells and patches were voltage clamped at -60 mV (Axopatch lB, Axon Instruments, Foster City, CA) and continuously perfused with extracellular solutions via 50-400 wrn ID local perfusion pipes. The recording chamber was also perfused at -2 mllmin. Currents were filtered at l-2 kHz and sampled at 10 kHz. Recurrent synaptic responses (autaptic IPSCs) were evoked using l-5 ms voltage steps to +60 mV. Rapid solution exchange was accomplished as previously described (Lester and Jahr, 1992) , and 100/o-90% exchange times less than 2 ms were confirmed at the end of each patch experiment by monitoring the change in liquid junction potential at the pipette tip after patch rupture. Patch currents and IPSCs represent the average of five or more trials.
Data were acquired using AxoBASiC and analyzed off-line with Axo-BASIC or AxoGraph (Axon Instruments). Single-channel gating was studied using IO-30 pM GABA to minimize overlapping events. Channel events were detected and collated by a home-written program, using a 50% threshold crossing criterion (based on a 28 pS conductance) and a 400 ms minimum event duration. Accurate detection was monitored by inspection of ideal records superimposed on the raw data by the detection program. The final closure in each record was excluded from detection, but the first closure (first latency) was included, no corrections were made for missed events, and the rare simultaneous openings were included. Log-binning (Sigworth and Sine, 1987) and least squares fitting of histograms were performed using Excel (Microsoft, Redmond, WA) and Kaleidograph (Synergy, Reading, PA). The number of components was incremented until either the area of additional components was less than 1% of the total area or until new components became dominated by single bins. Long closures (>9.8 ms) were defined by the method of equal proportions of misclassifications (Coiquhoun and Sakmann, 1985) based on the closed time distribution (see Figure 4) . Whole-cell currents were fit using a Chebyshev algorithm. The number of exponential components was initially determined by eye and checked by comparing the sum of squared errors for fits of one, two, and three exponents. In a small number of experiments, addition of a low amplitude third component Improved the fit. For comparisons between experiments, however, we regularly used the best two-component fit.
Kinetic Modeling
Macroscopic current modeling was performed using SCoP (Simulation Resources, Berrien Springs, Ml). The model included two equal and independent GABA binding steps and monoliganded openings, consistent with results from single-channel studies (Macdonald et al., 1989; Twyman et al., 1990; Macdonald and Twyman, 1992) . The single-channel gating for five patches was examined to determine openmg and closing rates. The values for the patch with the lowest channel activity (see Figure 4) provided the best approximation of the values for a one channel patch. We observed two open states (Open, and OperQ and fixed their closing (a) and opening rates (B) using the inverse open and closed dwell time constants, respectively. Two desensitized states (Dlasl and D.,..) were included based on the biexponential desensitization and recovery patterns (see Figures 3C and 3D ; see Figure 5) . The maximum open probability (Pq& was derived from nonstationary variance analysis (Sigworlh, 1980; Jones and Westbrook, unpublished data) . Our PM,,, values are in agreement with those from intraburst single-channel measurements (Newland et al., 1991) . The binding (k& unbinding (k& desensitization (dl, dp), and resensitization (rl, r2) rates given in Figure 78 are the optimal values (or the extreme limits, always with less than 2-fold variation) for producing good fits to experimental data by eye.
For Cl matrix simulations (Coiquhoun and Hawkes, 1982) , 0 and n matrices were calculated from the model and the median values in Figure 78 . From an initial state, a pair of computer-generated random numbers (q and p) were used to choose the exit path (from TI) and the dwell time (from Q). The present state and dwell time were then recorded, and calculations were repeated for the next state. In a 100 s test simulation, q Z p = 0.497 & 0.29 (n = 3057) and p = 9 x 10m5q + 0.5, confirming that q and p were indeed random and uncorrelated (Miller, 1981) . At low GABA concentrations, the theoretical mean dwell times in Unbound, D,,,, and D,,, were all greater than 10 ms, and entry into any of these states was therefore defined as a critical gap for terminating a burst (Bormann and Clapham, 1985; Macdonald et al., 1989; Twyman 81 al., 1990) . Entry into Unbound or D,,., also ended a cluster. This approach is the inverse of that normally taken with experimental data, in which the duration of a closure is known but the state to which it corresponds is not. Equilibrium simulations (1000 s) were run at 1 and 10 PM GABA, and nonequilibrium relaxations (976 sweeps of 1024 ms) were studied by starling each sweep in Bound, at 0 PM GABA to simulate patch current deactivation after a brief saturating GABA pulse.
Data are presented as mean + SD throughout unless otherwise noted. Statistical signiftcance was determined using unpaired, twotailed t tests, assuming unequal variances. Differences were considered significant at the p < 0.05 level.
